Introduction
During vertebrate development, body axis formation events are critical for generating a fully functional central nervous system (CNS). The most anterior part of the CNS, the forebrain, is regionalized along the anterior-posterior axis to generate telencephalon and diencephalon (Tickle, 2002) . As the embryonic eyes and hypothalamus are derived from the rostral parts of the diencephalon, eye tissues are located in relatively dorsal parts of the rostral diencephalon (Fig. 1A, B) . However, the origin of the eye tissues is the anterior neuroectoderm (NE), and the question of how the eyes are specified in the subregional spaces of the rostral diencephalon during early development is largely unanswered.
The eye primordium (or eye field) first emerges as pit structures in the anterior neural plate at embryonic day (E) 8.0 prior to optic vesicle formation (Li et al., 1997) (Wilson and Houart, 2004) . Subsequently, bilateral indentations progressively form there to become two optic vesicles (Zaghloul et al., 2005) . These optic vesicles differentiate into the neural retina and the retinal pigment epithelium (RPE). The fate of RPE is regulated by Wnt/β-catenin signaling in spatial and temporal manners (Fujimura et al., 2009 ). On the one hand, neural retinal fate is maintained by FGF signaling (Hyer et al., 1998) . On the other hand, the dorsal-ventral polarity of the neural retina itself is known to be regulated by the BMP and Shh signaling pathways (Yang, 2004) .
Eventually, the neural retina further generates six-layered retinal cell types, including photoreceptor cells, for future visual systems at the adult stage (Cepko, 2014) .
During the initiation of the eye fields, eye field transcription factors (EFTFs) play crucial roles in determining tissue identity. One EFTF, Rax, is activated from early development and is strongly expressed later in optic vesicles of the rostral diencephalon (Furukawa et al., 1997) . Knockout approaches clearly demonstrate the importance of Rax for diencephalic development (Mathers et al., 1997) and its roles are conserved among vertebrate species (Casarosa et al., 1997) (Loosli et al., 2001 ) (Loosli et al., 2003) (Voronina et al., 2004) (Bailey et al., 2004) . Depletion of another EFTF, Six3, leads to a lack of most head structures anterior to the midbrain, including the eyes (Lagutin et al., 2003) . In this way, EFTFs are also involved in forebrain development. These facts add complexity to understanding the subregional specifications of the rostral diencephalon, such as the specification of the early eye field. In particular, how the eye field is specified from the presumptive rostral diencephalon is not clear, as the eyes are derived from common rostral diencephalic progenitors like the other diencephalic regions.
A recent study used conditional knockout and transgenic mice models to clearly demonstrate that Six3-mediated suppression of the Wnt ligand, Wnt8b, is required for neural retina specification in mammals (Liu et al., 2010) . However, the question of how optic vesicles are generated from the NE, especially presumptive rostral diencephalic region still remain unanswered.
For these reasons, more research is needed in order to fully understand how eye fields (or optic vesicles) are generated and how the basic signaling network underlying this phenomenon is set up during early development. Simple experimental models are needed in order to minimize the other complex tissue interactions and to reconstruct early rostral diencephalic development.
Embryonic stem cells (ESCs) have the great capacity to generate all three of the germ layers. Since in vivo whole-body generation requires multiple growth factors during early development, these factors are intricately intertwined in time-, concentration-and region-dependent manners.
When the action of in vivo growth factor signaling is reproduced in vitro, ESCs can differentiate into each of the primary germ layers by passing through a series of developmental processes that drive lineage-specific programs. Thus, the in vitro differentiation of ESCs represents an accessible system for analyzing the early stages of lineage specification, which is difficult to do in vivo. In addition, an in vitro differentiation system can minimize the effects of extrinsic signals from the surrounding tissues.
Recent advances in three-dimensional (3-D) tissue generation from pluripotent stem cells have not only improved regenerative medicine but also served as a model system for understanding early development in vivo. For instance, the discovery of optic cup self-formation from mouse ESCs raises the possibility of using these tissues for transplantation therapy (Assawachananont et al., 2014; Eiraku et al., 2011; Gonzalez-Cordero et al., 2013) . It also provides a way to analyze the self-formation mechanisms involved in fate-specification and the dynamics of morphogenesis Eiraku et al., 2011) . In another report, the generation of hypothalamic tissues from ESCs has resulted in remarkable progress in elucidating the mechanisms of rostral diencephalic tissue development (Wataya et al., 2008) . This reduction in extrinsic signaling allows us to gain a deeper understanding of the nature of tissue and organ generation without the complexity of the in vivo environment.
As such, the 3-D culture system provides an excellent platform for the study of each target tissue and organ. In this study, we utilized a Rax::GFP ESC line to explore a more efficient method for generating eye field-like tissues from ESC in vitro. We show that Wnt signaling specified eye field-like tissues from ESC-derived aggregates in rostral diencephalic tissue-inducing culture. Here, we provide a useful experimental model for investigating eye field specification in vitro.
Results

Addition of matrigel to chemically defined medium supported Rax+/ Sox1+ rostral diencephalic-like tissues in vitro
Because rostral diencephalic tissue progenitors are derived from the neuroectoderm (NE), we began our present study to generate rostral diencephalic NE by using the serum-free floating culture of embryoid body-like aggregates with quick re-aggregation (SFEBq) method of 3-D culturing mouse ESCs in vitro (Fig. S1A , B, C). Based on previous reports, rostral diencephalon-like progenitors were efficiently induced in media by the following methods: For the induction of eye field tissues, ESCs were cultured in Glasgow minimum essential medium containing knockout serum replacement (KSR) (Eiraku et al., 2011) . For the induction of hypothalamus tissues, ESCs were cultured in chemically defined medium (CDM) (Wataya et al., 2008) . In both culture media, rostral diencephalon-like progenitor tissues were generated until culture day 7.
In the eye field induction medium, prior to optic vesicle formation, the neural cadherin, N-Cadherin was efficiently polarized within an epithelial structure in the SEFBq aggregates (Eiraku et al., 2011) . In the hypothalamus induction medium, N-Cadherin was also expressed until day 7 (Wataya et al., 2008) . To test N-Cadherin expression in the early phase of CDM culture, we performed immunostaining of day-4 tissues and confirmed that N-Cadherin was polarized within an epithelial-like structure (Fig. S1D, E) . Via time-lapse imaging of the Sox1::GFP ESC reporter line, day-4 tissues in CDM typically differentiated into Sox1 + early neural progenitors until day 6 (Fig. S1F and Video S1).
We next sought to understand the specification of rostral diencephalic tissues by comparing ESC-derived rostral diencephalon-like tissues generated from different culture conditions in vitro. Based on previous research into generating eye tissues in vitro, we used KSR medium containing extracellular matrix (ECM) components, matrigel (hereafter, called KSR/MG) (Eiraku et al., 2011) . While observing Rax (a rostral diencephalon marker) and Laminin (an ECM component) expression around E9.0 (Fig. 1A) , the ESCs cultured in KSR/MG differentiated into eye field progenitors expressing Rax with a continuous epithelial structure surrounded by Laminin (Eiraku et al., 2011) . These observations imply that complex eye morphology requires stable epithelial polarity as indicated by the ECM accumulation at the basal side of the NE-like structure. Another report showed that matrigel has the ability to maintain the epithelial structure robustly in cortical NE development in CDM culture (Nasu et al., 2012) . To ensure a stable epithelial structure, we added 2% matrigel to CDM (hereafter, called CDM/MG). We therefore used CDM/MG and KSR/MG as basic medium conditions for rostral diencephalon-like tissue induction from here forward (Fig. 1C) . As expected, after addition of matrigel at day 1, Laminin accumulated at the outer side of aggregates at day 4, at which point NE-like tissues would start to form (Fig. 1D . see also regional marker expression in Fig. 1 of Ref [Takata et al., 2016] ).
Optic vesicles are located in a relatively dorsal region of the developing rostral diencephalon, which expresses Rax (Fig. 1B) . Hereafter, we defined this region as sub-dorsal (sDorsal). Thus, we compared the sDorsal identity of ESC-derived NE tissues in the CDM/MG and KSR/ MG conditions. To examine the efficacy of Rax+ progenitor generation, we analyzed Rax::GFP + cells via fluorescence-activated cell sorting (FACS) and confirmed that Rax::GFP+ cells were detected in the both conditions (Fig. 1E ). To better analyze the Rax + tissue's identity, we performed immunostaining using Sox1 because Sox1 is expressed throughout the rostral diencephalon except for the eye fields in E9.5 embryos (Fig. 1G ). We confirmed that Rax::GFP+ cells also expressed Sox1 in the CDM/MG condition but not in the KSR/MG condition (Fig. 1F ). These results suggest that the CDM/MG condition supports Rax+ Sox1+ rostral diencephalon-like tissue generation.
Wnt activation facilitated ESC-derived aggregate differentiation into eye field-like tissues in the CDM/MG condition
We next hypothesized that sDorsal specification of NE tissues requires Wnt signaling activity because secreted growth factors, such as Wnt ligands, are known to be expressed in the relatively dorsal portion of the diencephalic neural tube (Bach et al., 2003) (Liu et al., 2010) (Parr et al., 1993; Roelink and Nusse, 1991) (Theil et al., 2002) . More specifically, Wnt responding cells have been previously seen around the eye tissues (Burns et al., 2008; Cho and Cepko, 2006; Fuhrmann et al., 2009; Westenskow et al., 2009) .
These in vivo evidence led us to examine the Wnt signaling activity in ESC-derived NE tissues. To analyze the Wnt signaling activity, we performed quantitative real-time polymerase chain reaction (qRT-PCR) to detect the Wnt signaling target gene axin2 (Jho et al., 2002) . We found that axin2 expression was higher in the KSR/MG condition than in the CDM/MG condition, suggesting that Wnt signaling might be required for the generation of eye field-like tissues in vitro ( Fig. 2A, B) .
We next analyzed the role of Wnt signaling in the early specification of ESC-derived tissues. We performed a chemical inhibitor study from day 4 to day 7, the time period during which rostral diencephalon-like NE specification would commence (Fig. 2C) . Addition of the Wnt inhibitor IWP-2 (Dodge et al., 2012) to the KSR/MG medium prevented Rax+ optic vesicle-like structures from appearing, which was observed in the control KSR/MG condition ( non-canonical Wnt signaling. Thus, we next tested the IWR-1-endo (abrogating the destruction of Axin proteins (Chen et al., 2009) ) for the inhibition of canonical Wnt signaling and found that the addition of IWR-1-endo showed similar results to IWP-2 (Fig. S2A ). Rax::GFP+ cells in KSR/MG with IWP-2 (or IWR-1-endo) were still observed (Fig. S2A,  B) . Conversely, the addition of the Wnt agonist CHIR99021 (CHIR) (Pelletier et al., 2009 ) dramatically increased Rax + optic vesicle-like structures in the CDM/MG condition when compared to the control ( Fig. 2D . see also another example in Fig. 2 of Ref [Takata et al., 2016] ). We also confirmed the Wnt responsiveness in each condition, showing that the addition of IWP-2 decreased axin2 expression while the addition of CHIR increased axin2 expression (Fig. 2E) . Additionally, tissue morphology and axin2 expression in both KSR/MG + IWP-2 and CDM/MG are comparable (Fig. 2D, E) . Notably, in the CDM/ MG + CHIR condition, more optic vesicle-like structures were produced than in the KSR/MG condition.
Optic vesicle-like structure formation was accompanied by Wnt activation in the CDM/MG condition
To better characterize Wnt signaling's effects on the ESC-derived tissues, we analyzed the number of Rax + optic vesicle-like tissues. We found that the addition of IWP-2 to the KSR/MG condition decreased the number of Rax+ optic vesicle-like structures (Fig. 2F) . In contrast, the number of Rax + optic vesicle-like structures was increased by Wnt activation in the CDM/MG condition (Fig. 2F) . Surprisingly, we observed spherical Rax + vesicle-like structures by 3-D reconstruction analysis, reminiscent of the in vivo optic vesicle structures (Fig. S2C, D and Video S2).
We also found that Rax::GFP + tissues in KSR/MG + IWP-2 and CDM/MG expressed Sox1 but Rax::GFP+ tissues in KSR/MG and CDM/ MG + CHIR did not (Fig. 2G . see also regional marker expression in Fig. 1 of Ref [Takata et al., 2016] ). This suggests that sDorsal diencephalon-like tissues require Wnt signaling activity to become eye field-like tissues with optic vesicle-like structures from ESCderived aggregates (Fig. 2H) .
Wnt signaling posteriorized ESC-derived tissues in the KSR/MG condition
We also explored the effects of Wnt signaling activation in the KSR/ MG condition. Addition of CHIR to the KSR/MG condition facilitated the expression of Sox1 in most populations of cells, suggesting that Sox1+ tissues in this condition resemble the E9.5 embryo NE (Fig. S2E, F) . These tissues in vitro expressed the posterior NE marker Irx3 throughout (Fig. S2G, H) . No substantial Irx3 expression was found in the control KSR/MG condition (Fig. S2I) . Additionally, whereas Irx3 and Tcf4 were co-expressed in the dorsal region of E9.5 embryo NE, tissues in the KSR/MG + CHIR condition did not express Tcf4 (Fig. S2J , K) (Lavado et al., 2008) . These results imply that the addition of Wnt agonist to the KSR/MG condition shifted NE fate posteriorly (Fig. S2L) .
Efficient generation of chx10+ tissues and confirmation of fully stratified retinal formation in the CDM/MG/CHIR condition
We further studied the eye field identity of ESC-derived tissues in the CDM/MG condition by comparing it to the eye field identity of ESC-derived tissues in the KSR/MG condition. In the in vivo rostral diencephalon, laterally evaginated optic vesicles form the optic cups, which develop into the neural retina. The identity of the neural retina is supported by Fgf signaling from the surface ectoderm (or lens) next to the neural retina (Nguyen and Arnheiter, 2000) . Erk, a downstream mediator of Fgf signaling, is active on the distal side of the optic vesicle, the presumptive retinal portion (Fig. S3A) (Cai et al., 2010) (Fuhrmann, 2010) . This activation of Erk is dependent on Fgf receptor activity (Corson et al., 2003 ).
Thus, we tested weather Erk activity was present in the optic vesiclelike tissues at day 7 in the CDM/MG + CHIR condition. We found double phosphorylation of Erk at a relatively distal portion of the optic vesiclelike structures which coincided well with Rax::GFP expressing cells, thus indicating that the ESC-derived optic vesicles in the CDM/ MG + CHIR condition might have a certain level of spontaneous Erk activity at day 7 (Fig. 3A and S3B) .
For the effective generation of retinal progenitors in vitro, we next tested the addition of fetal bovine serum (FBS), which would stimulate Erk (Yao et al., 2003) . Based on previous work to clarify retinal maturation media conditions , the addition of FBS from day 7 to day 10 dramatically increased the Rax::GFP+ portions in the KSR/MG but not in the KSR/MG + IWP-2 condition (Fig. 3B, C) . Consistently, the addition of FBS had similar effects in the CDM/MG + CHIR condition (Fig. 3B, C) . We also observed the effects of FBS in the CDM/MG + CHIR condition via time-lapse imaging and found that Rax + tissues progressively grew by the FBS treatment (Fig. S3C, D and Video S3).
Subsequently, we performed immunostaining to detect Chx10 (Vsx2), a marker of retinal progenitors (Rowan and Cepko, 2004) , and found that at day 10 Rax::GFP+ cells also expressed Chx10 in the KSR/ MG condition without Wnt inhibition and in the CDM/MG condition with Wnt activation (Fig. 3D , E. see also another marker expression in Fig. 2 of Ref [Takata et al., 2016] ), further suggesting that the generation of retinal progenitor-like cells in CDM/MG requires Wnt activation. We also quantified the effects of FBS at day 10 by detecting chx10 via qRT-PCR. Surprisingly, the addition of FBS significantly induced chx10 expression in the CDM/MG + CHIR condition (Fig. 3F) . Furthermore, we found that the CDM/MG + CHIR condition induced chx10 more effectively than the KSR/MG condition (Fig. 3F) .
One of the demonstrated effects of Wnt signaling in ESC-derived tissue, especially in eye field-like tissue, has been to act to promote RPE fate. This evidence led us to wonder if the activation of Wnt signaling can affect RPE fate even during the early period of ESC-derived tissue. In order to compare the effect of Wnt signaling on RPE fate, which should be derived from the eye fields, we next investigated the expression of the RPE marker Mitf. As Mitf+ RPE portions would be locally induced in the Rax + tissues, we tried to detect Mitf expression via immunostaining. Unlike previous reports which showed the positive effect of Wnt signaling on RPE fate after the induction of the eye fields (Eiraku et al., 2011) (Nakano et al., 2012) , our findings suggest that Wnt activation at an early time point does not significantly enhance RPE fate at culture day 7 and day 10 in this context (Fig. 3G -K and S3E, F). Our findings might highlight the early role of Wnt signaling in facilitating the formation of the eye fields from the NE.
In order to better understand the formation of the retinal layer structure, we further studied the retinal identity of Rax+ tissues in the CDM/ MG + CHIR condition (hereafter, CDM/MG/CHIR) for long-term culturing. In a previous study, we manually excised the Rax+ portion of the aggregates in the KSR/MG culture, and these excised portions developed into a fully stratified retinal architecture in long-term culture (Eiraku et al., 2011) . This led us to examine the formation of the layered structure of isolated Rax + retinal-like tissues in the CDM/MG/CHIR condition, according to this previous culturing method (Fig. 4A, B) .
Notably, the isolated Rax+ portion grew to form a continuous epithelium as seen in previous report (Fig. 4C) (Eiraku et al., 2011) . We performed immunostaining to analyze the early-born ganglion cells and found that Brn-3b +/TuJ + cells became present in the Rax:: GFP + tissue by day 14, reminiscent of the E12 embryonic retina (Fig. 4D, E) . Four days later, at day 18 the Rax + tissue showed that Crx + early photoreceptor-like progenitors were separated from the Pax6+ layers, indicating that apico-basally arranged layers were developing in this culture (Fig. 4F , G. see transillumination images in Fig. 2 of Ref [Takata et al., 2016] ). Subsequently, at day 21, the tissues exhibited both CRALBP+ muller glia-like and Calbindin+/Calretinin-horizontallike cells (Fig. S4A, B) . Additionally, at day 21, Recoverin + photoreceptor-like cells were completely separated from the Pax6 + layer (Fig. 4H, I, J) . In the day-24 tissues, the Recoverin+ cells had dramatically increased in number when compared to day-21 tissues (Fig. 4K , L. see merged image of Rax::GFP and Recoverin in Fig. 2 of Ref [Takata et al., 2016] ). Furthermore, Chx10 +/Pax6-bipolar-like and Calretinin +/Pax6 + amacrine-like cells emerged (Fig. S4C, D) . The synaptic markers vGLUT1 and Bassoon were expressed and arranged spatially in distinct cell layers, mimicking the inner plexiform layer (vGLUT1−/Bassoon+) and the outer plexiform layer (vGLUT1+/ Bassoon+) (Fig. 4M) . These results suggest that six-layered retinal cell types could be generated in the CDM/MG/CHIR condition and that the identity of the retinal tissues in this condition is similar to that in the condition of previous report (Eiraku et al., 2011) .
Discussion
In the present study, we compared the ESC-derived tissues grown in KSR media to those grown in CDM media and found that an efficient specification of the eye field (sDorsal) was facilitated by Wnt signaling in the CDM culture (Fig. 5) . Notably, this sDorsal specification by Wnt signaling was accompanied by the formation of optic vesicle-like structures in vitro (Fig. 5) . Although the in vivo role of Wnt signaling requires further study, we can now provide an in vitro model for the roles of Wnt signaling in rostral diencephalon-like tissue development. We have also described a highly efficient technology for generating Rax+/Chx10 + retinal-like progenitors and fully stratified retinal-like tissues.
Specification of ESC-derived aggregates into eye field-like tissues by Wnt signaling
In general, the eye field is a relatively dorsal region (sDorsal) of the developing rostral diencephalon which expresses Rax gene in vivo (Fig. 1A, B) (Graw, 2010) (Furukawa et al., 1997) .
In the embryo, Wnt ligands are expressed in the dorsal region of the diencephalon. Although these Wnt ligands are expressed relatively strongly in the midline of the neural tube, wnt7b and wnt8b transcripts are detected next to the eye field regions (Parr et al., 1993) (Liu et al., 2012) . Wnt reporter signals were expressed around the optic vesicle, including both around the ocular mesenchymal cells and around the diencephalic NE tissues (Burns et al., 2008; Cho and Cepko, 2006; Fuhrmann et al., 2009; Westenskow et al., 2009 ).
Previously it has been shown that in mice, Wnt8b is one of the potential ligands for canonical Wnt signaling, which affects eye field territory (Liu et al., 2010) . At E8.5, this ligand is expressed in close proximity to the Six3 + forebrain region, including the eye fields (Liu, 2012) . Around at the boundary between Six3 and Wnt8b expression, both genes may mutually repress each other (Liu et al., 2010) . This kind of regulation is also conserved in zebra fish (Cavodeassi et al., 2005) . These reports clearly demonstrate the importance of the negative effect of Wnt signaling on eye field specification through the demonstrated Wnt8b activity in vivo.
In the case of mouse ESC-derived tissues in vitro, we described that NE tissues cultured in the KSR/MG culture showed relatively higher expression of the Wnt target gene axin2 at culture day 7 than did NE tissues cultured in the CDM/MG culture ( Fig. 2A, B) . In addition, the activation of Wnt signaling by CHIR from day 4 to day 7 in the CDM/ MG condition efficiently generated Rax+/Sox1-eye field-like progenitors, suggesting a positive role for Wnt signaling in the specification of ESC-derived aggregates into eye fields in Rax + diencephalic tissueinducing culture (Fig. 2G, H and Fig. 5) .
Our in vitro approaches could shed light on the rostral diencephalonlike tissue formation and enable studies of the functional signaling in early rostral diencephalon-like progenitor development using relatively minimal medium conditions. However, to what extent the specific ligand proteins activate Wnt signaling needs further study. In addition, we could not exclude the fact that CHIR has been shown to inhibit GSK-3β, which potentially acts on other signaling pathways. For this reason, future efforts are necessary in order to reveal how GSK-3β inhibition leads to eye field induction. These future investigations might provide a better understanding of the negative and positive effects of Wnt signaling on eye tissue development both in vivo and in vitro.
Optic vesicle-like structure formation was accompanied by Wnt activation
During in vivo development, each organ develops in a limited space with several surrounding tissues. For this reason, it is difficult to analyze how the number of optic vesicles is defined and potentially generated in open space of developmental field.
Our present results clearly show that optic vesicle-like structures form in the presence of relatively high Wnt activity (Fig. 2D) . In our culture method, the mean number of optic vesicles was greater than that seen in vivo (Fig. 2F) .
These effects might highlight another role of Wnt signaling: to generate or maintain vesicle-like structures, particularly in a relatively open developmental field (i.e., in a dish) (Shamir and Ewald, 2014) . However, in order to better understand how vesicle structures are regulated by Wnt signaling, further research into new experimental models that separate Wnt signaling's roles in fate specification and in vesicle formation is necessary. Related to this, further elucidation of Wnt-involved optic vesicle formation in the early tissue development needs better readout of Wnt activation and the functional evidences of candidate Wnt ligands.
3.3. Potential applications for in vitro retinal study, using highly efficient method to produce Chx10+ retinal tissues Previously, it has been shown that ESC-derived optic vesicles invaginate to form the optic cup in the presence of an adjacent Rax negative NE portion (Eiraku et al., 2011) . The inner side of the invaginatedRax + tissues generally become Chx10 + neural retina-like tissues (Eiraku et al., 2011) . However, there is the possibility of generating more Chx10+ tissues at the expense of the other NE portions.
In the CDM/MG/CHIR condition, although Rax+ optic vesicles could not invaginate substantially, we successfully decreased the Rax negative NE portion, thus resulting in the better generation of the Rax +/ Chx10+ portion (Fig. 3C, E) . Additionally, the CDM/MG/CHIR condition doesn't contain KSR, which means that lot-to-lot differences are minimized in the CDM-based medium. This is favorable from the viewpoint of future clinical applications and basic science as well. Thus, we have provided an efficient method for generating a Rax +/Chx10 + retinal tissue source from mouse ESCs (Figs. 3 and 4; see also Fig. 2 in Ref [Takata et al., 2016] ).
Brain culture system in strictly chemically defined medium (CDM)
Regarding minimum media for ESC differentiation, CDM can be used to generate brain cortex-like tissues by adding a chemical Wnt inhibitor as an anteriorizing factor (Nasu et al., 2012) . In particular, for cerebellum generation, recombinant basic Fgf are used as a posteriorizing factor, mimicking wnt1-expressing midbrain-hindbrain boundary-like tissues (as organizer tissues) (Muguruma et al., 2010) . Regarding pituitary anlage formation, the Shh agonist SAG efficiently ventralizes SFEBq aggregates, converting them into functional, hormone-secreting, adenohypophysis-like tissues (Suga et al., 2011) .
In this study, we suggest that the Wnt agonist potentially acted as a sub-dorsalizing factor to transform ESC-derived aggregates into eye field-like tissues in the CDM culture (see Fig. 1 in Ref [Takata et al., 2016] ). In this way, these instructive cues might provide embryonic positional information which allows the CDM-based culture to reproduce in vivo early developmental processes in vitro. Thus, the CDM culture makes it possible to induce the formation of brain regions in vitro and helps our understanding of the growth factor requirements during self-organizing tissue and organ development.
Temporal role of Wnt signaling in ESC-derived tissues
While Wnt signaling has been shown to regulate neural retina and RPE fates in Rax+ tissue during both human and mouse ESC differentiation (Eiraku et al., 2011) (Nakano et al., 2012) , the early requirement of Wnt signaling for the induction of Rax + eye fields is still unclear in human ESC differentiation. To further compare human and mouse ESC differentiation systems, future efforts are needed to elucidate the effects of Wnt signaling on Rax+ eye field specification in human ESC culture system using the chemically defined medium (CDM) condition. Additionally, the elucidation of the temporal roles of Wnt signaling in optic vesicle formation will be quite essential for further understanding of mammalian eye tissue development. Thus, future studies need to investigate the effects of local activation of Wnt signaling and its downstream regulators in the eye field progenitors at the right time in vivo and in vitro.
In summary, our study demonstrates useful tools for analyzing rostral diencephalon-like tissue specification and optic vesicle-like structure formation in vitro. Our methods potentially support highthroughput drug screening and future therapies using isolated, retinallike tissues in vitro.
Experimental procedures
4.1. ESC maintenance, hypothalamus/eye field-like tissue differentiation Mouse ESCs; Sox1::GFP (Aubert et al., 2003) and Rax::GFP (Wataya et al., 2008) murine ESCs were maintained and SFEBq differentiation culture was performed as described previously (Wataya et al., 2008) (Eiraku et al., 2011) . Briefly, SFEBq (serum-free floating culture of embryoid body-like aggregates with quick reaggregation) culture is a method that starts with quick reaggregation of dissociated mouse ESCs in each well of a low cell-adhesion coated 96-well plate (Nunclon Sphera 96U Bottom Plate; Thermo, 174925). For hypothalamus differentiation, we used gfCDM (a growth factor-free chemically defined medium, which was modified in previous reports (Bouhon et al., 2005; Wiles and Johansson, 1999) , which is free of knockout serum replacement (KSR) and other growth factors (Wataya et al., 2008) . For eye field differentiation, we used Glasgow minimum essential medium (GMEM) containing 1.5% KSR (ESC culture-qualified lot) supplemented with 2% matrigel (Eye field differentiation-tested lot) . For chemical inhibition (from day 4 to 7), we added IWP-2 (1 μM, STEMGENT), CHIR99021 (2 μM, STEMGENT) and IWR-1-endo (1 μM, Cayman). For retinal progenitor induction and maturation (from day 7), we performed the long term culture based on a previous method, using DMEM/F12/N2 and 10% FBS (ESC culture-qualified lot) . We also described detail information of CDM/MG/ CHIR condition, which is from starting differentiation to culture day 24 (see Figs. 1 and 2 in Ref [Takata et al., 2016] ). Differentiation status was quickly checked by BZ-9000 microscope (KEYENCE), which allowed us to monitor fluorescent and transillumination images.
Immunostaining of cryosectioned tissues
As a positive control, Slc:ICR mouse embryos were purchased from Japan SLC, Inc and dissected on the appropriate embryonic days. For cryosectioned samples, immunostaining was performed as previously described (Takata et al., 2015) . DAPI was used for counter staining of nuclei. Images were taken with a Zeiss LSM 710 or 780 confocal laserscanning microscope. The antibodies used in this work are listed below. 
Time-lapse and 3-D imaging
Live-imaging and 3-D imaging were performed using an incubatorcombined confocal optic system (Olympus) as previously described (Eiraku et al., 2011 ) using a glass bottom dish (Matsunami), supplying penicillin/streptomycin, and then filmed using a LCV110 equipped with 488-nm excitation lasers. Tissue samples in S2C, D, and S3C, D were embedded in 50% matrigel diluted by medium. A tissue in S1F was embedded in Collagen type I. We edited acquired images using MetaMorph (Molecular Devices) and ImageJ (free) software.
FACS analysis
FACS analysis was performed as previously described (Takata et al., 2015) . Briefly, for cell preparation, rostral hypothalamic-like and eye field-like cells were dissociated to single cells by TrypLE™ Express (Gibco, 12605-010) treatment and filtration through Cell Strainer (BD Biosciences). Cells in tubes were kept on ice until population analysis. For population analysis, we used the FACSDiva in Area 3 system (BD Biosciences). For data analysis, we used FlowJo software. All processes were performed according to the manufacturer's instructions.
4.5. RNA extraction, cDNA synthesis, and qRT-PCR RNA was extracted using the Qiacube (Qiagen) according to the company-provided protocol. As in a previous report (Takata et al., 2015) , 350 μL buffer RLT was added to ESC-derived tissues and spun through QIAshredder (Qiagen) prior to RNA extraction. Each cDNA sample for qRT-PCR reactions was generated using SuperScriptII (invitrogen, 18064-014). The PCR reactions were performed using a 7500 Fast Real-Time PCR System (Applied Biosystems): Standard curves were estimated using a series of dilutions of cDNA purified from mouse embryos. The expression level of each mRNA was normalized to GAPDH. Primer sets for PCR were as follows:
GCAGCCACTAGGCAGAGC AGGAAACATCTTCGGAATCG ⁎ chx10 is also called vsx2.
Statistics
Statistical analyses were performed with Prism (GraphPad Software, Inc.). Data sets were first checked for standard error of the mean. The appropriate test for comparison was performed as follows: t-tests (two samples) and Tukey's test (all sample comparison) were used to generate P-values. The number of optic vesicles was analyzed and these data were fitted by Gaussian distribution.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.05.001.
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